A n earlier study o f phytoalexin fo rm atio n in the genus Trifolium has now been extended to include a fu rth er 61 species an d subspecies. U sing the dro p -d iffu sate m eth o d , isoflavonoid phytoalexins were isolated from the fungus-inoculated leaflets o f 55 accessions, w hilst fo u r others p ro d u ced the stilbene derivative resveratrol. P hytoalexins could n o t be o b tain ed from the leaflets o f tw o species, T. billardieri and T. grandiflorum. The p te ro c a rp a n m ed icarp in was the m ost com m on ly encountered phytoalexin, o ccurring alone o r in v arious co m b in atio n s w ith the k now n Trifolium isoflavonoids m aackiain (p tero carp an ), vestitol, isovestitol, sativan, isosativan a n d arvensan (all isoflavans). Two ad d itio n al p tero carp an s, 4 -m ethoxym edicarpin from T. cherleri an d T. pallescens, and 4 -h y d ro x y h o m o p tero carp in also from T. pallescens, were recognized fo r the first tim e as Trifolium phytoalexins. R e-ex am in atio n o f T. aureum re vealed th a t this species p roduced resveratrol as a p hytoalexin an d n o t th e isoflavan vestitol as previously described.
Introduction
In reference [1] , it was reported that isoflavo noid phytoalexins were typically produced by the fungus-inoculated leaflets of more than 40 species belonging to the genus Trifolium (LeguminosaePapilionoideae; tribe Trifolieae). Only two yellowflowered species ( T. campestre and T. dubium) from the section Chronosemium responded differ ently by accum ulating large quantities of the stil bene resveratrol (3,5,4'-trihydroxystilbene, 11) . Al though m edicarpin (3-hydroxy-9-methoxypterocarpan, 1) was the most common Trifolium phyto alexin, it frequently co-occurred with other isofla vonoids such as the pterocarpan maackiain (3-hydroxy-8,9-methylenedioxypterocarpan, 2), and the isoflavans vestitol (7,2'-dihydroxy-4'-methoxyisoflavan, 3), isovestitol (7,4'-dihydroxy-2'-methoxyisoflavan, 4), sativan (7-hydroxy-2',4'-dimethoxyisoflavan, 5), isosativan (7,4'-dimethoxy-2'-hydroxyisoflavan, 6) and arvensan (7,2'-dimethoxy-4'-hydroxyisoflavan, 7). M any o f these com pounds have also been recognized as phytoalexins in other genera o f the tribe Trifolieae (e.g. 1 in Melilotus [2] , 1 and 2 in Ononis [3] , 1, 2, 3 and 5 in Trigonella [4] , and 1, 4, 5 and 6 in Medicago [5] ). A part from medicarpin (1) and maackiain (2), a third pterocarpan, 4-methoxymaackiain (3- 
droxy-4-methoxy-8,9-methylenedioxypterocarpan, 10) is known to occur as a m inor phytoalexin in the leaflets of T. hybridum [1, 6] .
The variety of isoflavonoids already obtained from Trifolium leaflets [1, 6, 7] suggested that a further investigation might reveal previously unrecognized phytoalexins, and at the same time provide additional sources of com pounds 1 -7 , 10 and 11. The present paper describes the isolation of phytoalexins from 59 Trifolium species and sub species, only one of which ( T. aureum) was includ ed in the previous survey [1] . Fungus-inoculated leaflets were found to produce either resveratrol (yellow-flowered species from the section Chronosemium) or medicarpin, with the latter com pound often being variously accompanied by isoflavo noids 2 -7 . The T. hybridum phytoalexin 4-methoxymaackiain (10) was not detected. However, both T. cherleri and T. pallescens yielded the new phytoalexin 4-m ethoxymedicarpin (3-hydroxy-4,9-dimethoxypterocarpan, 9) whilst small quanti ties of the isomer 4-hydroxyhom opterocarpin (3,9-dimethoxy-4-hydroxypterocarpan, 8) were also isolated from T. pallescens.
Results and Discussion
Phytoalexins were obtained from fungus (Helminthosporium carbonum) inoculated Trifolium leaflets using the drop-diffusate technique as pre viously described [8] . Corresponding control leaf lets were treated with droplets of deionized water. Phytoalexins were extracted from the resulting 48 h diffusates [8] by shaking with ethyl acetate (see Experimental section).
Silica gel thin-layer chrom atography (Si gel TLC) of these extracts revealed that phytoalexins were produced by 59 out of the 61 (97%) Trifolium species examined (Table I) . Diffusates from 55 fungus-treated species (93%) contained m edicar pin (1) whereas the stilbene resveratrol (11, 4 spe cies, 7%) was of comparatively rare occurrence. Resveratrol was never associated with m edicarpin or with any other isoflavonoid phytoalexin(s). Ex cept for occasional traces o f medicarpin and/or the corresponding isoflavan vestitol (3), com pounds 1 -9 and 11 were absent from control diffusates. Two out o f the 61 accessions (3%) listed in Table I (T. billardieri and T. grandiflorum) failed to accu mulate any detectable phytoalexins under the con ditions employed. Several species included in the earlier survey (e.g. T. badium and its close ally T. spadiceum) also failed to produce either isofla vonoid or stilbene phytoalexins following treat ment with H. carbonum [1] , Medicarpin was the only phytoalexin detected in diffusates from 13 out of the 55 (24% ) isoflavonoid-producing Trifolium species (Table I) . In diffusates from the remaining 42 accessions (76%), medicarpin occurred in various com binations with up to four other isoflavonoids. However, with the exception of the pterocarpan maackiain (2) from 19 species (1 + 2 only in 9 species) and the isoflavan vestitol (3) from 31 species (1+3 only in 15 spe cies), these compounds were, as noted previously [1] , of comparatively rare occurrence (Table I) . Thus, the accumulation of isovestitol (4) was re stricted to T. dalmaticum, T. mutabile and T. stellatum subsp. xanthinum, whilst sativan (5) and isosativan (6) were isolated together from 3 species, with each accumulating separately in the diffusates from a further 4 and 2 species respectively. Arvensan (7) was isolated only from T. dalmaticum and T. stellatum subsp. xanthinum. No further sources of the T. hybridum phytoalexin 4-methoxym aackiain (10) [1, 6] were discovered.
Despite the failure to detect 4-methoxym aackiain, both T. cherleri and T. pallescens p ro duced 4-oxygenated pterocarpans not previously reported as Trifolium phytoalexins. M edicarpin was also isolated from the diffusates o f these Tri folium species. The first new phytoalexin (M + 300; colour with diazotized /7-nitroaniline reagent [9] , orange) was readily identified as 3,9-dimethoxy-4-hydroxypterocarpan (4-hydroxyhom opterocar pin, 8) by UV, MS and Si gel TLC com parison with an authentic sample [8] . A part from its for m ation by T. pallescens, small quantities of 4-hydroxyhom opterocarpin (approx. 2 jig/ml diffusate) have also been isolated together with other isoflavonoids (e.g. 1, 2, 3 and 10 [1] ) from the H. car&o/wra-inoculated leaflets of T. hybridum [10] .
In addition to 8, T. pallescens produced an iso meric 4-oxygenated pterocarpan (M + 300; colour with diazotized p-nitroaniline reagent [9] , yellow) likewise found in diffusates from T. cherleri. U pon methylation, the com pound afforded a product indistinguishable (UV, MS, Si gel TLC) from authentic 3,4,9,-trimethoxypterocarpan (12) [8] , whilst formation of a non-phenolic m onoacetate confirmed the presence o f one arom atic hydroxyl group. This was assigned to C-3 (ring A), as in T able I. O ccurrence o f isoflavonoid a n d stilbene phytoalexins in diffusates from the Helminthosporium carbonuminoculated leaflets o f Trifolium species.
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a n.d. = n o t determ ined; tr = trace co n stitu en t; -= n o t detected. b Phytoalexin co n cen tratio n s (ng/m l diffusate) were determ ined sp ectrophotom etrically a fter Si gel T L C p u rificatio n (see E xperim ental section) using the follow ing ex tinction coefficients: 1, log e = 3.90 a t 287 nm ; 2, log e = 3.83 at 310 nm; 3 (and 4), log e = 3.62 at 285 nm ; 5, log e = 3.62 at 284 nm; 6 , log e = 3.71 a t 285 nm ; 7, log e = 3.77 at 2 8 0 - m edicarpin, from the UV (MeOH + N aO H ) maxi mum at 254 nm [11] . Since the 3,4,9-oxygenation pattern has been established, it follows that the underivatized m onohydroxy phytoalexin must be methylated at C-4 (ring A) and C-9 (ring D). The com pound is thus 3-hydroxy-4,9-dimethoxypterocarpan (4-methoxymedicarpin, 9). UV, MS and Si gel TLC com parison o f the Trifolium-derived phytoalexin with 4-methoxymedicarpin obtained by D D Q oxidation o f synthetic 7,2'-dihydroxy-8,4'-dimethoxyisoflavan [12] confirmed that the two com pounds were identical. A part from its form ation as a phytoalexin in Trifolium leaflets, 4-m ethoxymedicarpin has recently been reported to occur in the roots o f T. repens [13] . Thin-layer plate bioassays [14, 15] A lthough no isoflavans derived from maackiain (2) or pterocarpans 8 and 9 were isolated from Tri folium diffusates, the isoflavan (vestitol, 3) corre sponding to medicarpin (1) was regularly encoun tered. In diffusates from 11 Trifolium species (Ta ble I), vestitol was variously accompanied by the related isoflavans isovestitol (4), sativan (5), isosativan (6) and arvensan (7) . Isoflavans 5 and 6 pre sumably originate by O-m ethylation (at C-2' and C-7 respectively) o f vestitol (3) since the former com pounds invariably co-occur with 3 in Trifo lium and other genera o f the Trifolieae (Medicago [5] and Trigonella [4] ). As shown in Table I , iso vestitol and arvensan are also accompanied by vestitol although neither can be directly derived from 3. Whilst arvensan (7) is probably formed from isovestitol (4) by 7-O-methylation (cf. 3 ->6), the biosynthetic precursor of 4 in Trifolium remains obscure. In Tetragonolobus and allied genera (e.g. Lotus and Hosackia) o f the tribe Loteae, both vestitol and isovestitol generally ap pear to arise from demethylvestitol (7,2',4'-trihydroxyisoflavan) [10, 16] , but the latter com pound was never detected in Trifolium diffusates. How ever, isovestitol frequently co-occurs with sativan (Table I , and ref. [1] ), an observation which sug gests that 4 might possibly arise from 5 by selective 4'-0-dem ethylation.
In the previous survey [1] only T. campestre and T. dubium (section Chronosem ium ) were reported to produce the stilbene phytoalexin resveratrol (11) . A third m ember of the section (T. aureum) was listed as being a source o f vestitol (3) . Three further members o f the section Chronosem ium (T. boissieri, T. micranthum and T. patens) have now also been found to accumulate resveratrol (Table I) , and in view o f the anom alous response o f T. aureum [1] , it was decided that this species should be re-examined. Using plants grown from a new batch of verified seeds, it was found that T. aureum rapidly produced resveratrol and not the isoflavan vestitol as stated earlier [1] . All the resveratrol-producing Trifolium species so far rec ognized are yellow-flowered, a feature unusual in the genus where white, cream or various shades of red are the predom inant flower colours. The accu m ulation of resveratrol (rather than one or more isoflavonoids) in diffusates from these yellowflowered species suggests that the section C hrono semium may occupy a taxonomically isolated po sition within Trifolium. Resveratrol does not yet appear to have been recognized as a phytoalexin in other genera of the tribe Trifolieae [2 -5 , 17 ] al though it is known to accumulate in the fungusinoculated hypocotyls o f Arachis hypogaea (tribe Aeschynomeneae) [18] .
Experimental
All the Trifolium accessions were raised in a greenhouse (min. temp. 20 °C) from verified seeds (see Table I for details of seed sources). A mini mum day-length o f 16 h was m aintained by a bank of overhead fluorescent tubes giving an initial light intensity of approx. 6500 lx at or near soil level. Leaflets for inoculation were collected after 3 -6 m onths growth. Cultures o f the fungus Helminthosporium carbonum were grown as described elsewhere [19] . Si gel TLC separations were carried out on M erck pre-coated, glass-backed plates Phytoalexins were isolated from H. carbonuminoculated Trifolium leaflets by means o f the dropdiffusate technique [8] . C ontrol leaflets were treat ed with droplets o f deionized water. After 48 h in cubation [8] , the diffusates (5 -1 5 ml) were collect ed and shaken ( x 3) with equal volumes o f ethyl acetate. These ethyl acetate extracts were reduced to dryness (in vacuo, 40 °C), the residues generally being chrom atographed in CM (50:1; all species except those producing resveratrol 11) to variously yield 4-hydroxyhom opterocarpin 8 (approx. RF 0.71), 4-m ethoxymedicarpin 9 (7^0.68), isosativan 6 (Rf 0.64), medicarpin 1 + m aackiain 2, sativan 5 and arvensan 7 (all RF 0.56-0.61), and vestitol 3 + isovestitol 4 (both at RF 0.23-0.27). After elution (methanol, 2><5 ml), mixtures o f isoflavonoids (1 + 2; 1 + 2 + 5; 1 + 2 + 7; 3 + 4) were separated by multiple development (x 3 -x 5) Si gel TLC in chloroform or PEA (75:25:3) as previously de scribed [6, 7] . Extracts of T. hybridum diffusates were treated as reported in ref. [6] except that 4-hydroxyhom opterocarpin (8; approx. RF 0.71) and 4-methoxymaackiain (10; approx. RF 0.68) were eluted jointly, before being separated by Si gel TLC in PEA (75:25:1). In this system, 8 was lo cated at Rf 0.18, and 10 at RF 0.38. Ethyl acetate extracts of diffusates from T. aureum, T. boissieri, T. micranthum and T. patens were chrom ato graphed in CM (10:1) to give resveratrol (11) at RF 0.06. In PEAM , resveratrol from T. aureum sep arated into the cis (RF 0.22) and trans (RF 0.14) isomers [18] .
